Context. Cloud-covered middle-atmospheric dynamics are important in the strong prograde rotation (i.e. superrotation) observed in some terrestrial-planet atmospheres, such as Venus and Titan. In addition, the unified theory and the mechanism driving the general circulation could be extended to as yet unknown extrasolar Earth-sized habitable planet atmospheres. Aims. We elucidate the dynamical process controlling prograde and retrograde atmospheric rotation induced by cloud heating in the middle atmosphere of terrestrial planets. Methods. The terrestrial middle-atmospheric circulation is examined using a general circulation model in which astronomical parameters are varied. Results. Middle-atmospheric circulation is strongly controlled by seasonal variation of the meridional circulation. Prograde and retrograde atmospheric rotation is determined by the direction of vertical angular momentum transport due to the meridional circulation resulting from tilting of the planetary rotation axis. The retrograde rotation rate is limited to −Ω for slowly rotating planets (where Ω is the planetary rotation rate).
Introduction
Meteorology and climate dynamics on Earth are useful in understanding atmospheric dynamics of planetary and astronomical objects. Theories explaining the general circulation in the Earth's atmosphere have been extended to other planetary atmospheres. Golitsyn (1970) proposed a similarity theory for planetary atmospheres, and Matsuda (1980) found characteristic patterns of the terrestrial general circulation and their multiple equilibrium states. Since 1980, parametric experiments using terrestrial general circulation models (GCMs) have been performed by several groups (e.g. Williams & Holloway Jr. 1982; Del Genio & Suozzo 1987; Williams 1988; Del Genio et al. 1993; Abe et al. 2005) . However, the dynamics in the terrestrial middle atmosphere, which is located above the troposphere and below the thermosphere, have not been studied with a parametric approach. Recently, extrasolar planets with 5 to 10 terrestrial masses (e.g. Udry et al. 2007 ) have been detected with the aid of technological advances in astronomical observations. These advances are expected to reveal extrasolar Earth-sized planets. As yet, neither a unified theory nor a mechanism driving this general circulation has been established, although the need for such models is increasing with the ongoing accumulation of observational data.
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Venus is a known terrestrial planet and is similar in size to Earth; however, its atmospheric circulation and radiative forcing are significantly different from those of Earth's atmosphere. On Venus, clouds of sulphuric acid cover the planet at altitudes between 47 and 70 km, and a large prograde zonal flow of about 100 m s −1 is observed at the top of the cloud layer (at 65-70 km) (e.g. Rossow et al. 1990 ). The radiative heating in optically thick clouds forces the middle-atmospheric circulation and drives strong prograde rotation (i.e. superrotation), at a rate 60 times faster than the planetary rotation rate (243 days). Optically thick clouds and haze are invariably seen on both Venus and Titan; they are conceptually similar to the extreme aerosol and dust layers that occur after extreme natural and human-induced disasters on Earth (e.g. asteroid impacts, supervolcano eruptions, and nuclear explosions). The dynamics of the general circulation induced by diabatic cloud heating in the middle atmosphere are of great importance in understanding both climate change caused by extreme natural and human-induced disasters, and the meteorology of terrestrial planets.
In a Venus-like terrestrial GCM (Del Genio et al. 1993) under the condition that the solar heating maximum is located above the cloud layer (in which the atmosphere is stable) far from the surface (near which the equatorial atmosphere is unstable), superrotation develops in the upper region of the model atmosphere, but not in the lower region. In our recent GCM (Yamamoto & Takahashi 2006) , the nontrivial lower-atmospheric heating (0.5 K day −1 near the surface at the Article published by EDP Sciences subsolar point) and the equator-pole surface temperature contrast (5-10 K) lead to a single Hadley cell, which efficiently pumps up the angular momentum in the lower and middle atmospheres. Accordingly, realistic superrotation can be reproduced, though the lower-atmospheric heating is greater than the real Venusian one.
A number of research groups (Yamamoto & Takahashi 2003 , 2004 , 2006 Lee et al. 2005; Hollingsworth et al. 2007 ) have simulated superrotation using GCMs under Venus conditions (i.e. a surface pressure of 92 atm and a planetary rotation period of 243 days). Their results support Gierasch's mechanism (Gierasch 1975; Matsuda 1980) , in which the meridional circulation efficiently pumps up the angular momentum from the lower atmosphere with the help of a large equatorward eddymomentum flux. In the present study, a GCM is extended to the middle atmosphere in cloud-covered terrestrial planets and we discuss the significance of the astronomical parameters. Although parametric GCM experiments have been conducted in previous studies (Yamamoto & Takahashi 2006 Hollingsworth et al. 2007) , their parametric ranges are too small to elucidate universal characteristics of the dynamics. In this work, we investigate the results of a large number of simulations (46 cases).
Model
In the present study, a primitive equation system (e.g. Holton 2004) , in which hydrostatic equilibrium is assumed, is applied to terrestrial planetary atmospheres in the same way as Earth's climate models. Our model is established in the CCSR/NIES (Center for Climate System Research/National Institute for Environmental Study) GCM version 5.6 (Numaguti et al. 1995) using atmospheric parameters similar to those on Venus; it is utilized as a terrestrial GCM of a planet globally covered with clouds. We use simplified radiative processes that are implemented by applying 3D solar heating in the cloud layer and Newtonian cooling (see the Appendix in the online version and Yamamoto & Takahashi 2006) . The model-heating rate at the subsolar point is 30 K day −1 at an altitude of 65 km and 0.5 K day −1 near the surface. Since the heating distribution depends on the zenith angle, it is strongly related to the oblique angle of the planetary rotation axis. The equator-pole contrast of the surface potential temperature is set at 10 K (Joshi & Young 2002; Yamamoto & Takahashi 2004 , 2006 . The experimental conditions (the planetary rotation period T Ω , the solar day T solar , the orbital period T orbit ) are summarized in Table 1 . The time integration starts from a motionless state and continues until the atmosphere reaches a near-equilibrium configuration. 
Results
The upper panels of Fig. 1 show the sensitivity of the cloudtop equatorial zonal flow to the obliquity of the planetary rotation axis. For an obliquity angle, φ INC , of zero, strong prograde atmospheric rotation is maintained. The cloud-top equatorial zonal winds decrease with increasing φ INC for low and intermediate obliquity (φ INC = 0-60 • ). The wind speed is insensitive to φ INC for oblique angles greater than 60
• in all cases. In experiments TS and E (see Table 1 ), we find the regime change of the atmospheric rotation state between φ INC = 50 and 60
• . For φ INC = 30 − 50
• in exps. T, TS, E, and ES, the superrotation on planets with an orbital period equal to a solar day (red squares in Fig. 1 ) is stronger than that on planets with a Venusian orbital period (black circles in Fig. 1 ). Under Earth-like conditions, the retrograde zonal flow at φ INC ≥ 60
• is weak for short orbital periods (1 day, exp. ES) compared with that for long periods (225 days, exp. E).
For large oblique angles, φ INC ≥ 60
• and for slowly rotating planets with 243-day and 16-day periods (exps. V, T, and TS in Figs. 1a and b) , the zonal flows asymptotically approach −Ωa (where a is the planetary radius), which corresponds to a motionless state with respect to the inertial frame. For rapidly rotating planets (exp. E in Fig. 1c) , a strong retrograde flow is observed for large oblique angles, φ INC ≥ 60
• . However, the high wind speed is much lower than the considerably larger retrograde rotation limit (−Ωa = −440 m s −1 ). In previously explored Earthlike GCMs (Williams & Holloway Jr. 1982; Williams 1988) , strong retrograde zonal flows were seen in the upper layer for high-obliquity experiments. The reasons for the occurrence of these strong retrograde winds will now be examined.
As mentioned above, the obliquity determines whether the atmospheric rotation is prograde or retrograde with respect to the planetary rotation. In Figs. 1d-f , the fully developed prograde atmospheric rotation is formed around the heating maximum (at an altitude of ∼65 km) for φ INC = 0
• and 23.45
• , whilst retrograde rotation develops for φ INC = 60
• . For high obliquity, Ω atm a (where Ω atm is the annual and global mean atmospheric rotation rate) reaches the retrograde rotation limit, −Ω a, near the cloud top, and in the broad altitude range of 40-60 km, in exps. V and T, respectively. Around the retrograde rotation limit of zero atmospheric rotation in the inertial frame (i.e. Ω atm = −Ω in the rotation frame), the vertical angular-momentum flux due to the meridional circulation becomes zero because of the absence of atmospheric angular momentum. This means that vertical angular momentum transport stops in the region of the retrograde rotation limit and atmospheric rotation cannot be developed, even if meridional circulation is dominant. Thus, the retrograde flow is strongly limited to −Ωa for slowly rotating planets. For rapidly rotating planets, however, the retrograde flow does not reach −Ωa because of the extremely large Ω, although large retrograde velocities occur, reaching well in excess of 200 m s −1 . Figure 2 shows the latitude-height distributions of annually averaged zonal mean flows. For zero obliquity angle (Fig. 2a) , the fully-developed superrotations of >100 m s −1 are maintained in these terrestrial middle atmospheres. In slowly rotating planets (exps. V and T), the maxima of cloud-top zonal flows are located at the equator. The lower-atmospheric rotation in exp. T is faster than that in exp. V. In a rapidly rotating planet (exp. E), the strong mid-latitude jet of >200 m s −1 is formed above 55 km. For a large obliquity angle (60 • ), retrograde rotations are predominant in the middle atmosphere. The weak superrotations are located near the surface for exps. V and T, and in the polar regions for exp. E. The retrograde flows with nearly rigid-body rotations become larger with increasing Ω.
Dynamics of the fully developed superrotation in exp. V is similar to those in exp. T, as shown in Fig. 3 . The single Hadley cell is predominant in the whole atmosphere and the equatorward eddy angular momentum transport is found in the two cases. These characteristics support the Gierasch mechanism, in which the meridional circulation efficiently pumps up the angular momentum with the help of large equatorward eddy momentum flux. Since the effect of the obliquity on the atmospheric dynamics of slowly rotating planets such as Venus has already been discussed in Yamamoto & Takahashi (2007) , we focus on the dynamics in the rapidly rotating planets simulated in exp. E.
For φ INC = 0.0 • in exp. E (Fig. 2a) , the mid-latitude jets of >200 m s −1 and the equatorial flow of >140 m s −1 are located at the cloud top. Equatorial superrotation was also simulated in Earth-like two-layer GCMs (Suarez & Duffy 1992) . Angular momentum is supplied by the retrograde surface flow (<0 m s −1 ) through surface-friction drag. The mean global vertical angularmomentum fluxes caused by meridional circulation move upward, whereas those due to eddies move downward. The horizontal eddy-momentum flux is equatorward above the cloud top. Thus, angular momentum is transported toward the equatorial regions, where the upward flow is located. Meridional circulation efficiently pumps up angular momentum with the help of the large equatorward eddy-momentum fluxes. Even as the planet rotates rapidly (i.e. unlike both Venus and Titan), the Gierasch mechanism works above the cloud layer. Below 70 km, the mean downward flow is confined to the polar side of the mid-latitude jet, and the horizontal eddy-momentum flux is poleward in the vertical shear region of the jets. The strong prograde atmospheric rotation is maintained by the upward angular momentum transport driven by the meridional circulation. The equatorial and mid-latitude winds for φ INC = 23.45
• (Earth's obliquity angle) are weaker than those for φ INC = 0.0
The equatorial jet has a high speed of 90 m s −1 at an altitude of 60 km, compared with the Earth's middle atmosphere. Prograde winds (westerly on Earth) are dominant above 35 km, while retrograde winds (easterly on Earth) are absent (not shown). Although a large prograde flow may be enhanced in this model by the absence of middle-atmosphere wave braking due to topographically forced as well as moist, thermally induced waves, the formation of superrotation suggests that the Earth's superrotation may have been induced by strong middleatmospheric heating in thick aerosol and dust layers resulting from extreme natural and human-induced disasters.
For φ INC = 60.0 • (Fig. 4) in exp. E, strong retrograde atmospheric rotation is dominant throughout the year. The equatorial retrograde-jet maximum of −200 m s −1 is slightly shifted at low latitudes, within ±40
• , although the seasonal heating amplitude is large. Below 70 km, the mean vertical flow is upward (downward) in the summer (winter) hemisphere at the solstice. The mean global angular-momentum flux due to the meridional circulation is downward. At the equinox the heating maximum passes rapidly through low latitudes, as the magnitude of seasonal variation in diabatic heating is large. Thus, at the equinox the meridional circulation (which is symmetrical with respect to the equator) is weak near 65 km (Fig. 4e) , and its upward angular-momentum transport is ineffective. Strong retrograde winds are maintained because the mean annual angular-momentum fluxes due to meridional circulation are downward and those due to eddies are upward at the solstice.
Concluding remarks
In the middle atmospheres of cloud-covered terrestrial planets, the prograde wind speed decreases with increasing φ INC for the wide parameter range. Strong superrotation is maintained in thick aerosol and haze layers on Venus and Titan because φ INC is small. The regime changes of the atmospheric-rotation state can also be found in exps. TS and E. In the case of nonobliquity (Fig. 5a) , superrotation in the middle atmosphere is maintained by the meridional circulation for both slowly and rapidly rotating planets. As φ INC increases, vertical angular momentum transport due to the meridional circulation becomes inefficient (Fig. 5b) , as the meridional circulation is asymmetric with respect to the equator at the solstice; thus, the superrotation is weakened. For extremely high obliquity (Fig. 5c) , since the equatorially symmetric meridional circulation is not formed at the equinox, its upward angular momentum transport is ineffective near the cloud top. In addition, downward angular momentum transport due to the meridional circulation is dominant around the solstice. Thus, a retrograde wind is formed for high-obliquity cloud-covered terrestrial planets. The condition of u ∼ −Ωa cos φ results in the null vertical angular momentum flux of (u + Ωa cos φ)a cos φw ∼ 0, where u and w indicate the longitudinally averaged zonal and vertical velocities. Since the globally and annually averaged vertical angular momentum transport due to the meridional circulation stops in the middle atmosphere in the situation of Ω atm (≡ u/a/ cos φ) ∼ −Ω, the retrograde flow cannot be further developed. Its retrograde rotation rate is limited to −Ω under the condition that the globally and annually averaged eddy angular momentum transport or frictional drag is not predominant. Thus, the retrograde rotation limit of −Ω is a significant physical quantity in the dynamics of terrestrial middle atmosphere. These new findings should be added to the general-circulation theory for terrestrial and as yet unknown extrasolar Earth-sized habitable planets.
